Inhibition of human cytomegalovirus (HCMV) by 1263W94 was additive dosewise in combination with ganciclovir, acyclovir, and foscarnet. None of the commonly used anti-human immunodeficiency virus agents antagonized the inhibition of HCMV by 1263W94. The data were analyzed by a modified isobologram procedure that measures the strength and statistical significance of drug interactions.
Inhibition of human cytomegalovirus (HCMV) by 1263W94 was additive dosewise in combination with ganciclovir, acyclovir, and foscarnet. None of the commonly used anti-human immunodeficiency virus agents antagonized the inhibition of HCMV by 1263W94. The data were analyzed by a modified isobologram procedure that measures the strength and statistical significance of drug interactions.
1263W94 (maribavir; 5,6-dichloro-2-isopropylamino-1-␤-L-ribofuranosyl-1H-benzimidazole) is a benzimidazole L-riboside that is a potent and selective inhibitor of human cytomegalovirus (HCMV) replication with a novel mechanism of action (2) . It is under development for the treatment of HCMV infection. Because patients with HCMV infection frequently receive concomitant antiviral medication, assessment of the antiviral activity of 1263W94 in combination with other antiviral agents would be useful in evaluating 1263W94 as a potential therapeutic agent. For this reason we examined inhibition of HCMV replication by 1263W94 in combination with various antiherpetic or anti-human immunodeficiency virus (anti-HIV) agents in vitro. We describe a modification of fractional inhibitory concentration (FIC) analysis that provides a measure of the strength of any drug interaction and also indicates whether the interaction is statistically significant. Use of the method is not limited to combinations of antivirals. It MRC-5 cells (BioWhittaker, Walkersville, Md.) were infected with HCMV laboratory strain AD169 (American Type Culture Collection, Manassas, Va.) as described previously (13) . MRC-5 cells were cultured in minimal essential medium (MEM) with 8% (MEM 8-1-1) or 2% (MEM 2-1-1) fetal bovine serum (HyClone, Logan, Utah), 2 mM L-glutamine, 100 U of penicillin G per ml, and 100 g of streptomycin sulfate per ml. Except as noted, reagents and culture media were obtained from Gibco BRL (Grand Island, N.Y.).
Replication of HCMV was measured by either a multicycle DNA hybridization assay or a single-cycle yield reduction assay as described previously (2) . For multicycle DNA hybridization assays, each 96-well plate had two columns of eight wells that were mock infected and that served as uninfected controls. Two other columns of eight wells contained no drug and served as infected controls. The remaining eight columns of eight wells contained a matrix of concentrations of the two drugs such that each concentration of each drug was present in combination with each concentration of the other drug, including no drug. For antiherpetic drugs, the highest concentration was 5 to 20 times the 50% inhibitory concentration (IC 50 ). For the anti-HIV drugs, the highest concentrations were chosen on the basis of the clinically therapeutic levels in serum. From the highest to the lowest concentrations, the serial dilutions decreased by a factor of ͌10. For each drug combination, three or four replicate plates of infected cells were set up, with one plate of mock-infected cells used for microscopic estimation of cytotoxicity. At the concentrations used, none of the drugs produced any overt cytotoxic effects, either alone or in combination. Single-cycle yield reduction assays were carried out on 24-well plates by using a layout similar to that described above.
The interaction of each pair of compounds was analyzed by use of the model first proposed by Gaddum (5) and later independently by Elion et al. (4) . In this model, synergy and antagonism are defined as deviations from dosewise additivity, which results when two drugs interact as if they were the same drug. These concepts have been most clearly elaborated by Cornfield (3), Harvey (7), and Berenbaum (1) . We extended the analysis by calculating a new parameter, the average deviation from dosewise additivity, which permits estimation of the nature and the intensity of any interaction between a combination of drugs and of the statistical significance of the interaction.
If a combination of n inhibitors shows dosewise additivity, then for a particular level of inhibition
where the FIC for inhibitor I (FIC I ) is the ratio of x I , the concentration required to produce the particular level of inhi-bition when the drug is acting in combination, to X I , the concentration required to produce this level of inhibition when the drug is acting alone:
In our study, analysis was based on the concentrations of inhibitory compounds that resulted in a 50% reduction in HCMV replication compared to the amount of viral replication observed in the absence of any inhibitory compound; that is, those concentrations at which
where v(I 1 , I 2 ) is the yield of virus in the presence of the combination of concentrations I 1 and I 2 of inhibitors 1 and 2, respectively, and v 0 is the yield in the absence of inhibitors. The data were analyzed to calculate the concentration of each compound that produced a 50% reduction in viral replication (i.e., the IC 50 ) alone and in the presence of each concentration of the second drug.
To calculate the IC 50 s, the data were fitted to the Hill equation (8, 10) , shown below:
where v(I 1 , I 2 ) is the yield of virus in the presence of the combination of a variable concentration I 1 and a fixed concentration I 2 of inhibitors 1 and 2, respectively; v(I 2 ) is the yield in the presence of fixed concentration I 2 of inhibitor 2 with inhibitor 1 absent; K is the value of I 1 that gives v(I 1 , I 2 ) equal to v(I 2 )/2, and N is the Hill constant. Unweighted nonlinear regression (NLIN; SAS Institute) was used to obtain estimates of the three parameters v(I 2 ), K, and N of equation 2. The IC 50 s were calculated from these estimates by using the equation
where IC 50 (I 1 , I 2 ) is the concentration of inhibitor 1 that reduces HCMV replication to 50% of the replication observed in the absence of any inhibitors and in the presence of the fixed concentration (5) . Dosewise additivity results when two drugs interact as if they were the same drug (3, 7) and is indicated by a straight line of slope Ϫ1 which intercepts both FIC axes at a value of 1. Datum points that fall significantly above the line representing dosewise additivity result from antagonism between the two drugs. Datum points that fall significantly below the line indicate synergy.
Since
and the standard error can be calculated from the standard errors of the individual IC 50 measurements involved in the calculations of the FIC 50 s. The statistical significance of differences from dosewise additivity may be tested by a one-sample t test with the hypothesis that D is equal to 0; P values Ͻ0.05 (determined by the t test) would be considered significant. D is a parameter that represents both the nature and the intensity of the interaction of a combination. The value of D is negative when the combination is synergistic, and very strong synergistic interactions give values approaching Ϫ0. clovir, using the multicycle DNA hybridization assay. As expected for dosewise additivity, the ganciclovir isobologram is linear with a slope of Ϫ0.99 Ϯ 0.1 and an intercept of 0.99 Ϯ 0.05 (Fig. 1) . The average D (Ϫ0.06 Ϯ 0.11) is clearly not significantly different from zero (P ϭ 0.29 by the t test). The interactions of two solutions of 1263W94 were examined by the yield reduction assay and again produced the expected result of dosewise additivity ( Table 1 ).
The interactions of 1263W94 with other anti-HCMV agents were measured by both the multicycle HCMV DNA hybridization assay and the single-cycle yield reduction assay. The results are presented in Table 1 . The mean D values show that the interactions of 1263W94 with ganciclovir, acyclovir, and foscarnet were not significantly different from dosewise additivity when measured by either assay. The isobologram for the interaction of 1263W94 and ganciclovir is shown in Fig. 2 . The interaction of 1263W94 with cidofovir was synergistic in the multicycle HCMV DNA hybridization assay but additive in the single-cycle yield reduction assay (Table 1; Fig. 3 ). We have no explanation for this discrepancy. Table 2 shows the results of experiments assessing the inhibition of HCMV replication in the presence of pairwise combinations of 1263W94 and HIV type 1 inhibitors. All but one (abacavir) of the anti-HIV agents tested showed little or no inhibition of HCMV replication even at the highest concentrations tested. If one member of a combination is not an inhibitor, data analysis is simpler, being reduced to determining whether the IC 50 of the active drug is affected by the concentration of the second, noninhibitor compound. If drug 1 is the active inhibitor, the IC 50 is determined by the calculation of K in equation 2. The effect of drug 2 on drug 1 can then be tested by linear regression of the IC 50 of drug 1 versus the logarithm of the concentration of drug 2. A slope significantly greater than zero indicates antagonism, whereas a slope significantly less than zero indicates potentiation. Potentiation is on January 22, 2018 by guest http://aac.asm.org/ similar to synergy and is defined as improvement of the potency of an inhibitory compound by addition of a drug that does not by itself act as an inhibitor. Except for zidovudine and abacavir, the nucleoside reverse transcriptase inhibitors showed no effect on the anti-HCMV activity of 1263W94; however, as shown in Fig. 4 , zidovudine interacted with 1263W94 to increase the anti-HCMV potency of 1263W94. The two protease inhibitors tested (amprenavir and indinavir) also produced a slight but significant potentiation of the anti-HCMV effect of 1263W94 ( Table 2 ). The reverse transcriptase inhibitor abacavir showed slight anti-HCMV activity in the absence of 1263W94 (Table 2 ) and moderate synergy in the presence of 1263W94.
The method described here enhances the traditional analysis of drug interactions by the FIC method (4, 5) . The new parameter D provides an estimation of the nature and the intensity of any interaction between a combination of drugs, without requiring any assumptions regarding the underlying mechanisms of any observed interactions. More importantly, it allows evaluation of the statistical significance of the interaction. It is arguably a less sophisticated method than the response surface analysis methods that have been described (6, 11, 12) . However, we have found these methods to be impractical. Where the analysis yields results, it is often because of oversimplification of the underlying models, as in the case of Prichard and Shipman (11) , who made the simplifying assumption of linear dose-response curves for inhibition. Where simplifying assumptions are not made, as in the case of Greco et al. (6) , the resulting equations describing the dose-response surfaces require so many parameters that their estimation is far from robust and impossible with most data sets.
From the definitions given above, additivity clearly results when two drugs have identical mechanisms of action. However, the converse is not necessarily true, and our observation that the interactions of 1263W94 with ganciclovir, acyclovir, and foscarnet were additive does not necessarily imply that the drugs have identical mechanisms of action. For example, 1263W94 and ganciclovir inhibit viral replication through different mechanisms. Ganciclovir inhibits HCMV DNA polymerase through its triphosphorylated derivative (9), whereas 1263W94 does not directly inhibit HCMV DNA polymerase and is not phosphorylated (2) .
In terms of clinical application, the results presented here should be interpreted with caution. However, the absence of strong antagonism in vitro is encouraging and suggests that it will be feasible to administer 1263W94 in combination with these anti-HCMV agents should there be a need to do so. However, in the case of the additive combinations, there would be an advantage to combination anti-HCMV therapy only if the combination resulted in lower levels of toxicity or if the emergence of drug-resistant mutants was a problem.
The absence of antagonism with commonly used anti-HIV agents is also encouraging since it indicates that treatment of HCMV infection with 1263W94 in HIV-infected patients will not be compromised by concurrent HIV therapy. It is even possible that synergy or potentiation could result from the use of certain combinations. 
